In modern aeronautical and automobile industries, composite materials are becoming increasingly popular for building the vehicular surface. The antenna engineer may face the situation of needing to design patch radiators above the composite material instead of a conductor ground plane. The input impedance and radiation patterns of a rectangular patch antenna attached to a laminated ground plane by using an integral equation approach is studied herein. The effects of composite lamina, substrate thickness and current probe location on the input impedance and radiation patterns are analysed. It is observed that the bandwidth of the patch antenna can be increased significantly when the substrate thickness is reduced. This observation is contrary to the conventional microstrip antenna concept and can be used to design a wideband microstrip radiator.
Introduction
Conventionally, microstrip patch radiators are built as low-profile radiating elements where a metal patch is attached to a substrate with a perfectly conducting ground plane [14] . A surface impedance approach has been used to model the imperfect conductor in a layered medium [5] . In [6] , the current distribution inside imperfect conductors of finite thickness is considered when analysing the attenuation properties of microstrip lines.
In modern aircraft and vehicle designs, composite materials have been widely used in the vehicle surface to reduce the weight or the radar cross-section. G/E composite is one example which is made of several laminae of epoxy resin with conductive graphite fibres embedded in specific orientations [7] . If a patch resonator is built on a composite surface, details of the ground plane will affect its radiation properties.
Scattering from a sandwiched layer of conducting fibres has been analysed [XI. If the fibre spacing is comparable to the wavelength, Floquet modes should be incorporated in the analysis. In [7] , an anisotropic conductivity tensor is used to study the shielding effective-@ IEE, 1996 IEE Proceedings online no. 19960232 Paper first received 23rd May 1995 and in revised form 6th November 1995 The author is with the Department of Electrical Engineering, National Chung-Hsing University, Taichung, Taiwan, Republic of China ness of a G/E composite. The fibre separation in each GIE lamina is a tiny fraction of a wavelength, hence using an equivalent conductivity tensor is appropriate to analyse its propagation properties.
The characteristics of a patch resonator on an anisotropic substrate have been analysed by several authors , a differential matrix operator is derived from the Maxwell equations to calculate the tangential field components. This method was also used in optics [13, 141 and scattering [15] . General derivations can also be found in [16-181. In this paper we will study the effects of a laminated ground plane on the input impedance and radiation pattern of a rectangular patch radiator. First, a transition matrix will be formulated to model the laminated ground plane. Assume that the wire/fibre spacing in each lamina of the ground plane is much smaller than a wavelength, hence each lamina can be modelled as an anisotropic layer with a conductivity tensor. An integral equation is then derived based on the electric surface current on the rectangular patch. Galerkin's method is applied to solve for the current distribution. The input impedance is then obtained by a variational approach, and the stationary phase approximation is applied to calculate the far field pattern.
(xs. y$%. the patch and the ground. The coaxial cable feeding the patch runs through the laminated ground. The outer conductor is flush with the bottom of the substrate, and the inner conductor of radius R is connected to the rectangular patch. The ground plane is modelled as N laminae of homogeneous anisotropic media stacked along the z-direction. The principal axes of each lamina lje in the xy plane, and an effective conductivity tensor, 0, is used to describe the electrical properties of each lamina.
We first derive the transition matrix in the spectral domain for a single lamina. If the principal axis of 6 skews from the x-axis by an angle a ( 
where To solve eqn. 2, first segment the thickness (z) coordinate into small divisions of size Az, then approximate the derivative with respect to z by a finite difference form [15] . Thus the tangential fields at z and z + Az can be related by a matrix. By multiplying all these matricesfrom z = zo to z = zN, we obtain a transition matrix q&; zN, zo) to relate the tangential field components at z = zN and z = z0 as (6) where (? is the dyadic which expresses the tangential electric field on the patch in terms of the surface current on the same patch.
Integral equation
To calculate the input impedance of the patch radiator, we first assume that the current distribution along the probe is uniform in the z direction as
The tangential electric field at z = 0 generated by this current distribution can be expressed as where F '3 = kxS + jys, e;@(li,) is the tangential field spectral vector contributed by the current distribution in eqn. 7. Next, imposing the boundary condition that the total tangential electric field on the rectangular patch vanishes to obtain the following integral equation
Numerical scheme
To apply Galerkin's method to solve eqn. 9 for the current distribution, we first choose a set of basis functions to represent the surface current as
where IEE Proc.-Microw. Antennas Propag., Vol 143, No. 2, April 1996 with a, = n d a and p, = mdb. Take the Fourier transform of eqn. 10 and substitute it into eqn. 9. Next, choose the same set of basis functions as weighting functions, and take the inner product of each weighting function with the integral eqn. 9 to obtain 
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The input impedance can be decomposed into two parts
Input impedance and radiation pattern
where Zp is contributed by the current probe itself, and Z, is contributed by the surface currents on patch S. Using the line current source will give divergent Zp, hence we need to consider the current probe radius R when calculating the self-impedance 2,. Assume that the current density is constant on the probe cylinder surface
The z-component of the electric field on the probe surface generated by this current distribution, E$", is derived first, and is substituted into a stationary formula for the input impedance [20] to obtain the selfimpedance
kl, where E? and Zf are the spectral components of electric field in region (1) generated by the probe current. The impedance contributed by the current on S can also be derived using the stationary fomula in [20] where 7 is the intrinsic impedance of free space.
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Results and discussion
Most of the computer time is spent on calculating the double integral over k, and k, in eqns. 12, 16 and 17. The integration path in the k, (k,) plane is deformed slightly away from the real k, (k,) axis to avoid possible singularities [4, 6, 191 . At each (kx, k,) pair, a finite difference scbeme is performed to calculate the transistion matrix P (&, zN, zo) , which is time-consuming. The convergence of integration is confirmed by incrementally extending the k, and ky integration intervals and observing the evolution of integration results. All computation is done by using a SUN SPARC-10 workstation. Calculating the input impedance at one frequency takes about 15mins. In Fig. 2 , we show the input impedance of a rectangular patch antenna with a thick substrate. Measurements from [1] are also presented for comparison. The real parts match reasonably well, but the imaginary parts have a parallel shift. The authors in [l] pointed out that the imaginary part of their measurement is shifted due to the inductance in the coaxial feed, which is difficult to remove. Note that the complex conjugate of the input impedance in [l] is shown in Fig. 2 because we use the time convention of e-iwt.
In Fig. 3 , we show the input impedance of a rectangular patch with a thin substrate. The complex conjugate of the input impedance in [2] are used for comparison. The input resistance matches well, but our input reactance has a shift compared to that in [2] . Some error may be incurred when reading the data in [2] because they are presented in a Smith chart with rough scaling. The deviation between our results and those in [2] is comparable to the deviation among the three sets of data presented there. The self-impedance in eqn. 16 is the input impedance of a dipole in the stratified medium without the presence of the patches. For a short dipole, the input resist-110 ance is very small while the input reactance is very large [20] , which is why our method predicts a capacitive shift in the thin substrate case. On the other hand, the input reactance obtained by our method approaches zero near resonance in the thick substrate case as in Fig. 2 . For the rest of the presentation including Fig. 3 , we will include the contribution by the probe feed to the input resistance, but exclude its contribution to the input reactance. For engineering purposes, the input reactance can be compensated by inductive loading. Hence, the reactance shift does not affect the usefulness of our results I 1.78
1.79 1.80 1.81 1.82 1.83 1.84 f r e q u e n c y , GHz Fig. 4 shows the input impedance of a rectangular patch antenna with a laminated ground plane. The laminated ground consists of N laminae of GIE composite. Each lamina is 2 5 p thick, the fibre orientation in one lamina is perpendicular to that in the neighbouring one. As the number of laminae increases, both the input resistance and reactance reduce in magnitude, making it easier to match the input impedance with that of the feeding system. As the number of laminae increases from N = 2 to N = 8, the resonance frequency shifts and the bandwith increases significantly. However, as the laminae number is further increased from N = 8 to N = 12, the resonance frequency is only slightly shifted and the bandwidth is almost unchanged. This implies that stacking more composite laminae than N = 12 has no further effects. The bandwidth broadening is due to the loss incurred by the conductive composite material. It should also be noted that when N changes from one to two, the resonance frequency shift is close to the magnitude of the bandwidth. 5 presents the input impedance with probe location as the parameter. As the probe is moved toward the patch centre, the magnitude of both input resistance and input reactance reduces, and the bandwidth increases. This feature can be used to match the input impedance with that of the feeding system as in conventional microstrip patch antenna design. The field pattern deviations in the H-plane are shown in Fig. 9 . The deviation is symmetrical and more significant away from the forward direction. The magnitude is less than that in the E-plane. The curves with N = 8 and N = 12 almost overlap. Note that 0 = -90" indicates the -2 direction, and 0 = 90" indicates the 2 direction. Fig. 10 shows the pattern deviation in the E-plane as a function of the substrate thickness. The substrate thickness of the reference antenna with perfect conductor ground plane is 0.15cm. Around 0 = +80", the pattern deviation with d = 0.05cm is about three times than that with d = 0.15cm. Around the grazing ubstrate thickness has a much pattern deviation than the lamishows the pattern deviation in grazing angle, the pattern deviais about three times larger than cm, and the deviations are smoother trary to the conventional microstrip patch antenna concept, and can be used to design a wideband microstrip patch radiator. The radiation p from that with a perfect conductor ground is asymmetrical about the forward direction in the E-plane. The deviation is small in the forward direction, and is large near the grazing angles. For the antennas analysed, the pattern deviation caused by laminated ground is of the order of 0.2dB. 
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